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Abstract: Herein we report a high-yielding synthesis of isoxazolidin-5ones and 
their use to synthesise both ~-amino&nines and j3-(N-hydroxyamino)-alanines. 

Functionalised P-amino-alanines represent an important class of naturally occurring non-proteinogenic 

amino acids’. Whilst a retrosynthetic analysis would suggest a synthesis by reaction of a nitrogen-based 

nucleophile with an alanine fragment bearing a suitable leaving group in the j3-position, attempts to synthesise 

P-amino-alanines by such methods often results in optically impure material as a result of p-elimination 

followed by readdition of the nucleophile in a conjugate manner L3 . Thus syntheses must be designed in such a 

way as to minimise p-elimination. One method of achieving this is to carry out the j3-substitution in an 

intramolecular sense. This method has been used successfully to synthesise j3-amino alanines via P-lactams4 

and isoxazolidin-5-ones5a6. In this paper we report an improved synthesis of chiral isoxazolidin-S-ones (1) and 

(2). and their use to synthesise biologically important P-functional&d alanines such as P-(3-hydroxyureido)- 

alanine (3) and p-(isoxazolin-5one-2-yl)-alanine (4). 

(1) (2) (3) (4) 

Synthesis of isoxazolidin-5-ones (1) and (2) 

Substituted isoxazolidin-5-ones (eg. (7)), have previously been synthesised by thiol-mediated 

isomerisation of P-lactams in 42% overall yield from N-rert-butoxycarbonyl-~-serines~6 (scheme 1). 
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(6) 
Scheme 1 

We believed that a synthesis by intramolecular displacement of a P-substituted alanine to form a S- 
membered ring would be a more efficient procedure. since this would avoid the need to proceed via a ~lactam, 

and would thus give a higher yield of substituted isoxazolidinJ-one (scheme 2). 

(8) 
Scheme 2 

(9) 

Attempts to cyclise (10) using either DEADIPPh3 or CCL+/PPh3/ Et3N at a variety of temperatures 
proved unsuccessful, whilst attempted tosylate displacement of (11) using triethylamme as a base resulted in & 

elimination (scheme 3). 

OH m-s 
BOCNH 4 0) c BOCNB 4 (ii) t r30miv 

oAo_NRB= OJ-o*- .A,-- 
(10) (11) (12) 

(i) TsCl, pyridine. CH$l2; (ii) Et3N 

Scheme 3 

Subsequently, displacement of chloride was attempted: N-tert-butoxycarbonyl-pchloroalanine (13) was 

synthesised from serine in 76% yield, using standard procedures’. This was coupled with N-tert- 
butoxycarbonyl-hydroxylamine to provide (14) in 91% yield, using EDCI as the coupling agent. This 

compound was successfully cyclised using sodium hydride in dimethylformamide at high dilution at 0°C in 
>80% yield (lower dilution resulted in substantial p-elimination). The resulting isoxazolidin-5-one (1) was 

labile, and was not purified, but used directly in proceding reactions. Isoxazolidin-5-one (2) was synthesised 
likewise from N-benzyloxycarbonyl-hydroxylamine and f&chloroalanine (in addition, it was found that initial 
addition of sodium iodide (1 eq.) to the cyclisation reaction minimised &elimination) (scheme 4). 
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-ca s -d-_ g&B>= 
(13) (14) (1) 

a 

B”mca E BOcNH 
1 93% 

i d 

NHZ (sz -kM 
0 0. 

(13) (15) (2) 

(i) BocNHOH, EDCI. CH2c12; (ii) NaH. DMF. 0%; (iii) ZNHOH, EDCI, CHzCl2; 
(iv) NaI. DMF, 0-C; (v) NaH, DMF, O%-room temp. 

Scheme 4 

In this way substituted isoxazolidin-5-ones (1) and 
approximately 55% yield. 

(2) were prepared in 6 steps from I,-serine in 

We reasoned that hydrogenation of isoxaxolidin-5-one (2) would provide u-N-rerr-butoxycarbonyl-~- 
amino alanine (16) a useful selectively protected reagent for the synthesis of B-amino alanines. Thus 

hydrogenation using Pd/C catalyst, in methanol (not anhydrous), gave protected amino acid (16) in 55% overall 
yield from P-chloroalanine derivative (15) via isoxaxolidin-5-one (2) (scheme 5). 

(i) NaI, DMF, 0°C; (ii) NaH, DMF, OT-room temp.; (ii) Hz, PdK, MeOH 

Scheme 5 

In order to determine the optical purity of the cc-N-rert-butoxycarbonyl&unino alanine, it was carried 
through to form both the well-character&d ~acetylamino-alanine (18). and the s- and R-mandeloyl derivatives 
(20a and 20b) of this compound. Thus firstly, a-N-rert-butoxycarbonyl-B_amino alanine (16) was treated with 

acetic anhydride and pyridine. Subsequent deprotection using trifluoroacetic acid, followed by purification by 
ion-exchange chromatography (Dowex 5OW-X8 resin (100-200 mesh), eluting with 2N ammonium hydroxide), 
resulted in P-acetylamino-ahmine, [aJJ] 2o -85.7 (c 1.75, HzO)(cf lit.* -87 (c 8, H20)) (scheme 6). 
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(16) (17) (18) 

(i) AI@, pyridine, CH$&; (ii) CF3CO$I; (iii) ion exchange 

Scheme 6 

Secondly, ~acetylamino-alanine was treated withptoluenesulphonic acid in aqueous acetonitrile, then 

diphenyldiaxomethane. The resulting salt was basified, extracted, and coupled separately with S-and E-mandelic 
acid to provide separate diastemomers (20a and 2Ob), which were distinguishable by 1H nmr, thus confiiing 
the optical integrity of the &ammo acid (16) (scheme 7). 

(18) 
R 

(i) TsOH, CH$N/HZO; (ii) Ph$N2; (iii) NaHC@, HfltOAc; 

(iv) (S)-Maudelic acid, EEDQ, CHfl12; (v) (B)-Mandelic acid, EEDQ. CH$Zl2 

Scheme 7 

In order to demonstrate the application of this procedure for the synthesis of p-amino alanines, we 
synthesised B-(3-hydroxyureido)-alanine (3). an antibiotic amino acid isolated from Strepromyces 

hygroscopicus9, and previously synthesised by Takemoto lo in low yield from aspartic acid, with unstated optical 
purity. We designed a synthesis based upon cL-N-rert-butoxycarbonyl-fknino alanine benxhydryl ester (21), 
using carbonyl diimidazole (22), and a suitable O-protected hydroxylamine derivative. Thus a-N-terr- 
butoxycarbonyl-B-amino alanine (16) was esterified by treatment with p-toluenesulphonic acid then 

diphenyldiaxomethane, followed by basic extraction. The resultant amine (21) was then added to the product of 
slow addition of 0-rert-butyldiphenylsilyl hydroxylamine to carbonyl diimidaxole (22). in dichloromethane, and 
the resulting m&do-compound (24) was purified by chromatography. Deprotection using dilute HCl. followed 
by purification by ion-exchange chromatography (Dowex 5OW-X8 resin (100-200 mesh), eluting with 2N 
ammonium hydroxide) gave P-(3-hydroxyureido)-alanine (3) with [CrD]2o -11.5 (c 0.5, 1N HCl) (cf lit.9 -12 
(c 1.0, 1N HCl)), in 18% yield from a-N-terr-butoxycarbonyl-p-amino alanine (16) (7% from L-serine) 

(scheme 8). 
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(16) (21) 

t 
(24) (3) 

(22) (23) ’ 

(i) TsOH, CH$N/I-I20; (ii) PhgN2; (iii) NaHC%. H2O/EtoAc; 
(iv) ButPh$iONHg CH2C12; (v) dil. HCI, dioxan&O 

Scheme 8 

In connection with studies of biosynthetic pathways in Larhyrus sutivus, we required to synthesise 
isotopically labelled forms of l3-(isoxazolin-5-one-2-yl)-alanine (BIA) (4). BIA has previously been 

synthesised from isoxazolidin-5one (7) via N-hydroxy-acid (25) (scheme 9). 

(25) 

Scheme 9 

(4) 

We reasoned that we could synthesise N-hydroxy-acid (25) from isoxazolidinJ-one (l), and thus 

improve on the yield of BIA from serine, and, more importantly, from hydroxylamine (an important feature 
concerning a synthesis of 15N-BIA), compared with the published synthesis. Thus isoxazolidinJ-one (1) was 
hydrolysed using caesium carbonate in aqueous THF, to give N-hydroxy-acid (25). This was not purified, but 
derivatised directly as the benzhydryl ester by treatment with diphenyldiazomethane in acetonitrile. 
Chromatographic purification of this compound resulted in an overall 84% yield from ~-chloroalanine derivative 

(14). This ester was coupled with propiolic acid (1.6 eq.) in 91% yield, using DCC as the coupling agent, and 
the resulting ester (27) was deprotected and cyclised in situ by treatment with 98% formic acid6 (scheme 10). 
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(i) NaH, DMF, 0°C; (ii) C&e, H20/DMF, then dil. HCl/ EtOAc extraction; (iii) Ph$N2, CH3CN; 
(iv) HC=CfiH (1.6 eq.), DCC, CHg12; (v) HC%H, 35’C, 18 hours 

Scheme 10 

This synthesis resulted in a 45% overall yield of BIA from serine (cf published synthesi@, cca 10% yield 
from serine). In order to asses the optical purity of the BIA. it was derivatised as its S mandeloyl derivative 
(29)“. Thus BIA was treated with ptoluenesulphonic acid in aqueous acetonitrile. then diphenyldiazometbane. 
The resulting salt was basified to produce amine (28), which was coupled with S-mandelic acid. The resulting 
dipeptide was purified by preparative plate chromatography, taking care to combine all fractions containing BIA. 
Analysis by nmr showed the presence of two compounds, corresponding to derivatives of LBIA and I&BIA in 
relative proportions of 9: 1 (scheme 11). Thus the synthesis resulted in BIA with 80% enantiomeric excess (cf 
published synthesis6,90% ee). 

(28) 

(i) TsOH, acetone&O; (ii) Ph2CN2; (iii) NaHC@. HzO/EtOAc; (iv) cs)-Mandelic acid, EEDQ, CH2C12 

Scheme 11 

Despite slightly lower optical efficiency, this synthesis was suitable for the synthesis of B_lsN-labelled 

BIA, as tbe yield of BIA was 43% with respect to hydroxylamine hydrochloride [cf published synthesis6 (which 
would require low-yielding 0-benzyl protection of hydroxylamine hydrochloride) in approximately 5% overall 
yield from hydroxylamine hydrochloride]. Thus 15N-hydroxylamine hydrochloride was treated with di-tert- 

butyl-dicarbonate in aqueous alkaline dioxan to form t5N-tert-butoxycarbonyl-hydroxylamine in 53% yield. 
This was carried through the synthesis, as descibed for the synthesis of unlabelled BIA, to form in practice b 

1sKlabelled BIA (37) in 14% overall yield from 15N-hydroxylamine hydrochloride (scheme 12). 
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%q- oma (i) &sm_(Jfl 

53% 
(30) (31) 

(32) (33) 

w 
558- -ywoH)~ -+ -yw(oJiwc 
from (32) cozr+ Wcm+ 

(34) (35) 

(36) (37) 

(i) Boc20, NaOH, dioxankI20; (ii) Boc-~chloroalanine (13), EDCI, CH2C12; (iii) NaH, DMF, WC; 

(iv) C&Q, Hzo/DMF, then dil. HCl/BtOAc extraction; (v) Ph$Nz, CH3cN, 
(vi) HC=CC@H (1.1 eq.), DCC, CH2C12; (vii) HCo_LH. 35”C, 15 hours 

Scheme 12 

A synthesis of BIA with a l3C label in the carbonyl group of the isoxazolinone ring was likewise 
achieved by coupling of N-hydroxy-ester (26) with l-13C-propiolic acid. Thus I-13C-propiolic acid was 
synthesked (in low yield) by treatment of acetylene with butyllithium, followed by quenching with *3C@. ‘Ihis 
acid (40) could not be readily purified. thus it was coupled directly with N-hydroxy-ester (26) in 32% yield, and 
the resulting ester (41) was carried through the synthesis as described above, to form 13C-BIA (42) (scheme 

13). 

(i) - - 

(38) 

(i) BuLi, THF; (ii) 13C@; (iii) DCC, CH$l2; (iv) HCO$I, 35°C 15 hours 

Scheme 13 

In summary, we have demonstrated a new synthesis of chiral lsoxaxolidm-5-ones, and have applied this 
methodology to the synthesis of both functionalised P-amino-alanines and P-(N-hydroxyamino)-alanines. 
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Syntheses of labelled compounds have also been demonstrated, and the results of biological experiments on 
these compounds [(37) and (4211 will be reported elsewhere. 

Experimental Section 

Melting points were determined using a Btichi 510 capillary melting point apparatus, and ate quoted 
uncorrected; optical rotations were measured with a Perkin-Elmer 241 polarimeter at 2o’C with a pathlength of 
1 dm; concentrations (c) am reported in g/100 ml. Microanalyses were performed within the Dyson Perrins 
Laboratory. Infra-red spectra were recorded on a Perkin-Elmer 1750 FT spectrometer (absorptions am quoted 
in cm-l). NMR spectra were recorded using Varian Gemini 200 and Bruker AM500 spectrometers; chemical 
shifts (8~) are quoted in parts per million (ppm) and are referenced to residual protonated solvent resonances; 

coupling constants (J) were recorded to the nearest 0.5 Hz. 1% NMR spectra were recorded using a Varian 
Gemini 200 operating at 50.3 MHz. Carbon multiplicities were determined by operating the spectrometers in 
DEPT mode. ‘SN magnetic resonance spectra were recorded using a Bruker AM250 spectrometer operating at 
25.3 MHz, and were referenced externally to neat MelsNOZ at 0 ppm. Mass spectra were recorded on the 
following instrtmrents: V.G. Micromsss ZAB 1F (FABKYDCI); V.G.Masslab 20-250 (CI/DCI); V.G. BIG-Q 
(electrospray). 

Thin-layer chromatography was performed on Merck kieselgel DC-Alufolien 6OF25.4 0.2 mm precoated 
plates, visual&ion was by quenching of uv fluorescence, or 5% w/v dodecamolybdophosphoric acid in ethanol. 
Preparative-layer chromatography was carried out on silica gel (HF254-Blend 41) coated to 1 mm thickness on 
20 x 20 cm glass plates. Flash chromatography was carried out on Baker silica gel (30-60 pm). Ion exchange 

was carried out on Dowex SOW-X8(H) resin which was charged using 2N HCl (aq.), then washed with water. 
High performance liquid chromatography (HPLC) was performed on a Waters 600E Multisolvent Delivery 
System, a Rheodyne 7125 injector, a Waters 991 Photodiode Array Detector, and a column packed with 
Hypersil (ODS 250 x 7 mm diameter). 

All solvents were distilled before use; THF was distilled from sodium benzophenone ketyl under 
nitrogen; CH2C12 and DMF were distilled from CaH2 under argon, and stored over activated 4A molecular 

sieves; diphenyldiazomethsne was prepared by oxidation of benzophenone hydrazone using Hg0t2. 
Reactions were carried out at room temperature, under an atmosphere of argon. unless otherwise stated. 

l-O-(Benzyloxycarbamoyl)-(N-tcrt-butoxy~bonyl)-~-~lor~~-~~ne (15): l-Ethyl-3-[3-(dimethyl- 

amino)propyl]-carbodiimide (EDCI) (0.350 g, 1.8 mmol) was added to a stirred solution of 
N-(benzyloxycarbonyl)-hydroxylamine (prepared by the method of Boyland13)(0.252 g. 1.5 mmol) and N-&T- 
butoxycarbonyl)-B-chloro&-alanine (13) (prepared by the method of Walsh’) (0.337 g, 1.5 mmol) in 

anhydrous dichloromethane (20 ml) at O’C and the solution was stirred for 15 minutes, warmed to room 
temperature, and stirred for 15 hours. The dichloromethane was evaporated in vacua and the resulting oil 
dissolved in ethyl acetate (10 ml), washed with water (2 x 10 ml), dried (Na$O4), and the ethyl acetate 
evaporated in vucuo to give the title compound as a colourless oil (0.520 g. 93%); Rt 0.2 (20% ethyl acetate / 
petroleum ether (b.p.30~40°C)); Vmax (CHC13) 3 438 (m), 3 345 (br, w), 2 983 (m), 2 258 (m), 1 798 (s), 

1 760 (s), 1 718 (s), 1 500 (s), 1 456 (m), 1 394 (m), 1 371 (s), 1 342 (m), 1 250 (s), 1 160 (s), 1 047 (m); 
i&l (200 MHz, CDC13) 1.47 (9H, s, (CH3)3C-), 3.83-3.99 (2H, A&X, J 3.0,4.0, 11.5 Hz, -C&CH-), 4.87-4.92 
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(lH, AB-X, -CH$JH-). 5.24 (2H. S, PhC&), 5.43 (lH, d, J 8.5 Hz. -U-IN&). 7.39 (5H, s, aromatic CH), 8.26 
(lH, s, -0NH); 8~ (50.3 MHz, CDC13) 28.1 (03)3C-). 44.6 (JzH$H-). 53.3 (-CH&H-). 68.5 (PgH2-), 
81.1 ((CH3)3C-), 128.5-128.8 (aromatic CH). 135.1 (aromatic ipso), 155.3 and 156.5 (2 x -NH-cO$Z-), 169.0 
(-CH-CO2C-1; m/z CC1 (NH3)) 392 (MNH‘t+, 10%). 390 (Ml’JH4+, 22), 355 (16). 354 (73). 334 (57). 298 
(loo), 185 (51). 169 (54), 149 (58), 108 (lOO), 106 (73). 91 (62). 

~-2-Benzyloxycarbonyl-4-[(tert-butoxyc~~nyl)a~no]-isox~olidin-5-one (2): NaI (0.083 g. 0.55 
mmol) was added to a stirred solution of l-O-(benzyloxycarbamoyl)-N-tert-butoxycarbonyl-~-chloro-I&mine 

(15) (0.205 g, 0.55 mmol) in anhydrous diiethylformamide (10 ml) at 0°C and the suspension was stirred for 
30 minutes. A further 40 ml of dimethylformamide was added at 0°C. followed by NaH (0.017 g of a 60% 
dispersion in mineral oil, 0.8 eq.). The solution was stirred at OC for 15 minutes, then at room temperature for 
90 minutes, before water (50 ml) was added, and the solution stirred for 10 minutes. It was then extracted with 
ethyl acetate (5 x 20 ml) and the organic layers were combined, washed with water (3 x 30 ml) and dil. HCl 
(2 x 20 ml), dried (Na2S04). and the ethyl acetate evaporated in vacua to give the crude title compound as a 
colourless oil (0.185 g). This material was greater than 80% pure by nmr and was used directly in proceeding 
reactions, without further purification; v ma (CHC13) 3 421 (w), 3 025 (w), 1 812 (m), 1724 (s), 1500 (m), 
1 456 (w). 1 371 (w), 1 155 (s); 8~ (200 MHz, CDCl3) 1.45 (QH, s, ((CH3)3C-), 3.89-3.95 (lH, m, -CHzCH-), 
4.55-4.75 (2H, m, -C&CH-), 5.31 (2H, s, PhC&_X 7.40 (5H, s, aromatic CH); 8~ (50.3 MHz, CDC13) 28.1 

(cH3)3C-). 50.0 (-CHLH-), 53.1 (-CH2CH-), 68.6 (PhCHz-), 81.4 ((CH3)3G), 128.5-128.8 (aromatic CH), 
135.0 (aromatic ipso), 155.4 and 156.8 (2 x -NH-!ZO2C-), 171.6 (-CH-C02-N); m/z (CI (NH3)) 355 (12%) 
354 (MNH4+, 41). 298 (58). 237 (27), 193 (21), 108 (53). 91 (100). 

a-IV-tert-Butoxycarbonyl-p-amino-l_alanine (16) 14: S-2-Benzyloxycarbonyl-4-[(tert-butoxy- 

carbonyl)amino]-isoxazolidin-5-one (2) (0.420 g) was dissolved in methanol (25 ml), and 10% Pd/C (0.02 g) 
was added. The flask was purged, firstly with argon, then twice with hydrogen, and the suspension was stirted 
vigorously for 24 hours. The catalyst was removed by filtration through a bed of celite, and the methanol was 

evaporated in vacua. The resulting white solid was dissolved in water (25 ml) and washed with ethyl acetate 
(2 x 25 ml). The aqueous fraction was freeze dried, to give the title compound as a white solid (0.139 g, 55% 
from (15)). Recrystallisation from water / ethanol gave an analytical sample; m.p. 184-186-C (lit.14 198-2OOC 
(decomp.); [cz]D~O -16.5 (c 3, H20); 8~ (200 MHz, D20) 1.20 (QH, s, (CH3)3C-), 2.92-3.01 and 3.12-3.27 (2H, 
A&X, J 13.0, 7.0, 6.5 Hz, -CH$H-), 3.87-4.01 (IH, m, -CH2CH-); &J (125 MHz, D20) 28.3 (cH3)3C-), 

41.9 (-CH2-), 53.6 (-CH-), 82.4 ((CH3)3C-), 158.1 (-NH-COz-), 175.2 (-CHCO2-); m/z (DC1 (NH3)) 205 
(MH+, 64%), 149 (100). 

a-N-tertButoxycarbonyl-P-acetylamino-lal(17): Pyridine (0.065 ml, 1.1 eq.) and acetic anhydride 
(0.08 ml, 1.2 eq.) were added to a stirred suspension of a-N-tert-butoxycarbonyl-p-amino-l-alanine (16) 

(0.150 g, 0.74 mmol) in anhydrous dichloromethane (10 ml), and the reaction mixture was stirred for 24 hours 
to give a yellow solution. The dichloromethane was evaporated in vacua, and the resulting yellow oil was 
dissolved in ethyl acetate (10 ml) and washed with dil. HCl(l0 ml). The ethyl acetate layer was dried (Na$O4), 
and the ethyl acetate evaporated in vacua to give the title compound as a yellow oil (0.152 g. 84%). This was 
used directly in the proceeding reaction without further purification; vmax (CHC13) 3 000 (s). 2 980 (m), 
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1700 (s), 1 670 (s). 1520 (m), 1500 (m). 1 365 (m); 8H (200 MHz. CDC13) 1.45 (9H, S, (CH3)3C-), 2.05 (3~. 

s, CH3CO-), 3.65-3.78 (2I-k m, -C&CH-), 4.28-4.32 (1H. m. -CH2CH-), 6.0 (lH, d, J 8.0 HZ, -CI-IN&), 6.8 
(1H. br. -CI-kNH-), 7.8 (H-I, br. -C02H); 8c (50.3 MHz, CDC13) 22.5 cH3cO-), 28.1 (cH~)~c-), 41.8 

(-GHzCH-), 54.2 (-CHSH-), 80.2 ((CH3)3G), 156.4 (-NH-C@-), 173.3 (-CHcO2-), 185.4 (-mQCH3); 
m/z (CI (NH3) 247 (MH+, 12%). 191 (58), 147 (100). 

f&cetylamino-L-alanine (18)15~8: a-N-rert-Butoxycarbonyl-B-acetylamino-l_ne (17) (0.152 g, 

0.62 mmol) was dissolved in trifluoroacetic acid (1 ml) and the solution was stirted for 1 hour. The 
trifluoroacetic acid was evaporated in vacua and the resulting oil dissolved in water (3 ml) and washed with 
diethyl ether (2 x 3 ml). The aqueous layer was freeze dried to give Bacetylamino-I.&mine trifluoroacetate 

(0.100 g). This was purified by ion exchange chromatography, using Dowex 5OW-X8 resin (100-200 mesh), 
eluting with 2N ammonium hydroxide, to give the title compound as a white solid (0.040 g, 44% from a-N-rert- 
butoxycarbonyl-&acetylamino-Lalanine (17)); m.p. 168-172°C (lit.** 175-178°C); [a]$ -85.7 (c 1.75, H20) 
(lit.* -87 (c 8, H20)); 8B (200 MHz, D20) 1.86 (3H, s, CH3CO-), 3.39-3.44 and 3.60-3.64 (2H. A&X, J 15.0, 
7.5, 4.0 Hz, -C&CH-), 3.72-3.76 (lH, AB-X, -CH2CH-); 6~ (62.9 MHz, D20) 22.5 cH3CO-), 40.8 

(-CHZCH-), 55.9 (-CHsH-), 173.3 and 176.3 (-C=O-); m/z (electrospray) 147 (MI-I+, 100%). 

f&acetylamino-L&mine benzhydryl ester (19): B-Acetylamino-k-alanine (18) (0.040 g, 0.27 mmol) and 

ptoluene sulphonic acid (O.O57g, 1.1 eq.) were dissolved in acetonitrile / water (2: 1) (10 ml), and the solution 
was stirred for 10 minutes. Diphenyldiazomethane (0.074 g, 1.4 eq.) was then added, and the resulting solution 
was stirred for 1 hour, during which time the solution was decolourised. The acetonitrile was evaporated in 

vacua, to give a white suspension. Dil. HCl(3 ml) was added, and the aqueous solution washed with diethyl 
ether (2 x 5 ml). The ether layers were m-extracted with dil. HCl(2 x 3 ml), and the aqueous layers combined, 
basified with saturated NaHC03, and extracted with ethyl acetate (5 x 10 ml). The ethyl acetate layers were 
combined, dried (Na$O4), and the ethyl acetate evaporated in vacua to give the title compound as a white solid 
(0.032 g, 38%); Rt 0.2 (ethyl acetate); v tnax (CHC13) 3 156 (w), 2 929 (w), 2 254 (s), 1736 (s), 1678 (m), 1495 
(w), 1 455 (m), 1 381 (s), 1 288 (m); 8B (200 MHz, CDC13) 1.92 (3H, s, CH3CO-), 2.5 (2H. br, -NH2), 3.41 

(lH, br, -CH2CH-), 3.68-3.81 (2H, br, -C&CH-), 6.03 (lH, m, -CH2N&), 6.90 (lH, s, Ph$ZH-), 7.28-7.60 
(lOH, m, aromatic CH); m/z (DC1 (NH3) 313 @lH+, 22%), 167 (100). 

a-S-Mandeloyl-o-acetylsmino-L-alanine benzhydryl ester (20a): Freshly prepared B-acetylamino-L- 

alanine benzhydryl ester (19) (O.Ollg, 0.035 mmol), S-mandelic acid (0.006 g, 1.1 eq.), and 2-ethoxy- 
N-ethoxycarbonyl-1,2_dihydroquinoline (EEDQ) (0.010 g, 1.2 eq.) were dissolved in anhydrous 
dichloromethane (2 ml), and the solution was stirred for 18 hours. The dichloromethane was evaporated in 
vacua, and the resulting oil was dissolved in ethyl acetate (5 ml), and washed with dil. HCl (5 ml), saturated 
NaHC@ (5 ml) and water (5 ml). The ethyl acetate solution was dried (Na$SO4), and concentrated in vacua, to 

give the crude title compound (0.011 g, 70%). This was purified by preparative plate flash chromatography, 
eluting with 20% ethyl acetate / petroleum ether (b.p. 304OC), to give the tide compound (0.002 g, 13%); Rf 0.4 
(20% ethyl acetate / petroleum ether (b.p. 3040°C)); 8B (200 MHz, CDC13) 1.70 (lH, s, -OH), 1.82 (3H, m, 

CH3CO-), 3.60-3.82 (2H, m, -CJ&CH-), 4.20-4.40 (lH, m, -CH$ff-), 4.72-4.85 (lH, m, -CH-NH-), 5.93 (lH, 
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s, PhCH-), 6.90 (lH, s, PhQ&), 7.25-7.55 (15H. m. aromatic CH); 1H mnr of crude material had no signal at 
8 5.97. 

a-B-Mandeloyl-P-acetylamino-l_slanine benzbydryl eater (2Ob): p-Acetylamino-J.&urine benzhydryl 

ester (19) (O.O22g, 0.070 mmol) was coupled with &-mandelic acid (0.012 g. 1.1 eq.), using 2-ethoxy- 
N-ethoxycarbonyl- 1.Zdihydroquinoline (EEDQ) (0.020 g, 1.2 eq.) as the coupling agent, and the product was 
purifiid as described for the previous experiment, to give the title compound (0.005 g, 16%); Rr 0.3 (20% ethyl 
acetate / petroleum ether (b.p. 3O-40-C)); 8B (200 MHz, CDC13) 1.70 (IH, s, -OH), 1.82 (3H, m, CH3CO-), 

3.52-3.82 (2H. m, -C&H-), 4.22-4.35 (lH, m, -CH2CH-), 4.72-4.85 (lH, m. -CH-NH-), 5.97 (lH, s. PhCH-), 
6.90 (lH, s, Ph$H-), 7.25-7.55 (15H, m, aromatic CH); 1H nmr of crude mat&al had no signal at 8 5.93. 

a-N-&~Butoxycarbonyl-P_amino-l_alanine benzhydryl ester (21): a-N-rert-Butoxycarbonyl-@nino- 

L-alanine (16) (0.145g. 0.7 mmol) and ptoluenesulphonic acid (0.149 g, 1.1 eq.) wete dissolved in acetonitrile / 
water (21) (10 ml), and the solution was stirred for 10 minutes. Diphenyldiazomethane (0.207 g, 1.5 eq.) was 
then added, and the resulting solution stirted for 1 hour, during which tune the solution was decolourised. The 
acetonitrile was evaporated in vucuo, and the resulting aqueous suspension extracted with ethyl acetate (10 ml). 
The ethyl acetate solution was washed with saturated NaHC@ (2 x 10 ml) and water (10 ml), dried (Na#O4), 
and the ethyl acetate evaporated in vucuo to give the title compound as a white solid (0.264 g, quantitative); v,, 

(CHC13) 3 420 (w), 3 010 (s), 1 740 (s). 1 705 (s), 1 495 (s), 1 449 (m), 1 367 (m), 1 160 (s). 1 030 (s). 1 008 
(s); 8~ (200 MHz, CDCl3) 1.45 (9H, s, (CH3)3C-), 2.3 (2H. br, -NH2). 3.05-3.15 (2H. m, -C&CH-). 3.78-3.82 

(lH, m, -CH2CH-), 5.42 (lH, br, -NH), 6.92 (lH, s. PhzCfF-), 7.30-7.48 (lOH, m, aromatic CH); m/z 
(DC1 (NH3)) 371 (MH+, 34%), 339 (72). 313 (20), 297 (43), 168 (33), 167 (100). 

a-N-(tert-Butoxycarbonyl)-~-(3-tert-butyldiphenylsilyloxy)-ureido-l_ala~ne benzhyclryl ester (24): 

A solution of O-(rert-butyldiphenylsilyl) hydroxylamine (prepared by the method of Botta#) (0.245 g, 

0.90 mmol) in anhydrous dichloromethane (10 ml) was added dropwise over 6 hours, using a syringe pump, to a 
stirred solution of carbonyl diimidazole (22) (0.147 g, 0.91 mmol) in anhydrous dichloromethane (2 ml). The 
solution was stirred for a further 12 hours with the formation of a white suspension, then a-N-tert- 

butoxycarbonyl-P-amino-l_alanine benzhydryl ester (21) (0.264 g. 0.71 mmol) was added as a solution in 

anhydrous dichloromethane (5 ml). The resulting yellow solution was stirred for a further 15 hours, then the 
dichloromethane was evaporated in vacw) to give an oil. This was dissolved in ethyl acetate (10 ml), washed 
with dil. HCl(l0 ml), dried (Na$SO4), and the ethyl acetate was removed in vucm. The residue was purufied by 
flash chromatography, eluting with 30% ethyl acetate / petroleum ether (b.p. 30-4O‘C) to give the title compound 
as a colourless oil (0.206 g, 43%); Rr 0.3 (30% ethyl acetate / petroleum ether (b.p. 30-40°C)); [a]$0 +5.5 

(c 3, CHCl3); Vmax (CHC13) 3 433 (w), 3 022 (s), 2 934 (w), 2 861 (w), 2 361 (m). 2 342 (m), 1708 (s), 

1 531 (m), 1 497 (m), 1 370 (w), 1 162 (s); 8~ (200 MHz. CDC13) 1.15 (9H, s, (CH3)3C-Si-), 1.45 (9H, s, 

(CH3)3C-0-), 3.52-3.69 (2H, m, -Cfl;?CH-), 4.37-4.50 (lH, m, -CHaCH-), 5.38 (lH, d, .I 10.0 Hz, -CHNH), 
6.28 (lH, br, m, -CHzNH), 6.72 (lH, s, -ONH), 6.90 (Ph$H-), 7.35-7.50 and 7.65-7.75 (20H. m, aromatic 
CH); 8~ (50.3 MHz, CDCl3) 19.1 ((CH3)&Si-), 27.1 (cH$$Si-), 28.3 ((CH3)3CO-). 41.2 (-a2CH-), 54.4 

(-CH&H-), 76.2 (Si-Phenyl (ipso)), 78.5 (Ph&H-), 80.1 ((CH3)3c-0-), 126.6-139.5 (aromatic), 155.4 
(NH-C@-), 161.0 (NHCO-NH-), 169.8 (-CHcO2-); m/z (PAB) 668 (MH+, 4%), 167 (100). 
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fG(3-Hydroxyureido)_L-alanine (3)‘: a-N-(rert-Butoxycarbonyl)-B-(3-tcrt-butyl~p~nyls~yloxy)-~do- 

L-ala&e benxhydryl ester (24) (0.103 g, 0.15 mmol) was dissolved in dil. HCl I dioxan (1:l) (2 ml), and stirted 
for 2 hours. The dioxan was evaporated in vuczm and the aqueous solution was washed with diethyl ether (2 
x 2 ml). The aqueous layer was freeze dried to give crude p-(3-hydroxyureido)-&)&nine hydrochloride 

(0.022 g, 74%). This was purified by ion exchange chromatography, using Dowex 5OW- X8 resin (100-200 
mesh), and eluting with 2N ammonium hydroxide, to give the title compound as a white solid (0.010 g, 41% 
from a-N-(tert-butoxycarbonyl)-B-(3-tert-buty benxhydryl ester (24)); 
[a]Dzo -11.5 (c 0.5. 1N HCl) (lit9 -12 (c 1.0. 1N HCl)); 8R (500 MHz. &O, HOD suppressed) 3.58-3.60. 

3.73-3.77 and 3.95-3.97 (3H, AB-X. J6.5,2.0. 1.5 Hz, -CH2CH-); m/z (electrospray) 165 (17%). 164 &III+, 
100%). 131(62), 126 (30). 122 (39). 

1-0-(~art-Butoxycarbamogl)-N-(Clrt-butoxycarbonyl)-~-~~oro-~-~a~ne (14): l-Ethyl-3-[3- 

(dimethylamino)propyl]tarbodiimide (0.133 g, 0.7 mmol) was added to a stirred solution of N-(zerr- 
butoxycarbonyl)-~chloro-Lalanine (13) (prepared by the method of Walsh’) (0.155 g, 0.7 mmol) and iV-(rerr- 

butoxycarbonyl)-hydroxylamine (pnpared by the method of Harris”) (0.092 g, 0.7 mmol) in anhydrous 
dichloromethane (5 ml) and the solution was stirred for 15 hours. The dichloromethane was evaporated in 

vacua and the resulting oil dissolved in ethyl acetate (10 ml), washed with water (2 x 10 ml), dried (Na2SO4). 
and the ethyl acetate evaporated in vacua to give the title compound as a white solid (0.227 g, 91%). 
Recrystallisation from ethyl acetate I petroleum ether (b.p. 406OC) gave an analytical sample, m.p 121-122’C; 
RfO.l (10% ethyl acetate I petroleum ether (b.p. 40&T)); [a]~~-13.5 (c 1.3, CHC13). Found: C 46.05. 
H 6.75, N 8.23; C13H23ClN206 requires C 46.09, H 6.84, N 8.27%; vmax (CHC13) 2 983 (w), 1 713 (s). 
1504 (m), 1395 (w). 1371 (m), 1253 (w), 1 162 (s); 8R (200 MHz. CDC13) 1.46 and 1.50 (2 x 9H, s, 

(2 x CH3)3C-). 3.85-4.06 (2H, A&X. J 11.5, 3.5.4.0 Hz, -C&CH-), and 4.86-4.92 (lH, AB-X. -CH$&), 
5.46 (lH, d, J 8.5 Hz, -NH-C-), 8.09 (lH, s, -NH-O-); 8~ (50.3 MHz, CDC13) 27.9 and 28.1(2 x cH3)3C-), 

44.7 (-cH2CH-), 53.3 (-CH&H-). 81.0 and 84.0 (2 x (CH3)a-). 155.3 and 155.4 (2 x -NH-CO2-), 169.3 
(-Cm&); m/z (CI (NH3)) 358 (MNIQ+ (37Cl), 4%). 356 (MNH4+ (35Cl), ll), 300 (15). 144 (23). 133 (77), 
116 (100). 

cr-(N-tert-Butoxycarbonyl)-~-(iV-&H-butoxycarbonyl, iV-hydroxy).fl-amino&alanine (25): Sodium 

hydride (0.016 g of a 50% suspension in mineral oil, 0.3 mmol. 1.0 eq.) was added to a stirred solution of 
l-O-(tert-butoxycarbamoyl)-N-(tert-butoxycarbonyl)-~-chloro-k-~~ine (14) (0.110 g, 0.3 mmol) in 

anhydrous dimethylformamide (5 ml) at O’C, and the suspension was stirred for 1 hour. A solution of Cs$@ 
(0.060 g, 0.18 mmol, 0.6 eq.) in water (2 ml) was then added, and the solution was stirred for 10 minutes then 
washed with diethyl ether (2 x 10 ml), acidified with KHS04 (1M aq.) and extracted with ethyl acetate 
(3 x 10 ml). The ethyl acetate fractions were combined, washed with water (3 x 10 ml ), dried (Na2SO4) and the 
ethyl acetate evaporated in vucuo to give the title compound as a yellow oil (0.093 g. 90%); vmax (CHC13) 
2 983 (w), 1 713 (s), 1 506 (m), 1 394 (m), 1 370 (s), 1 251 (m). 1 161 (s); 8~ (200 MHz. CDCl3) 1.46 and 1.50 

(2 x 9H, s, (2 x CH3)3C-), 3.72-4.05 (2H, m, -C&CH-). 4.57-4.89 (lH, m, -CH2CH-), 5.46 (lH, d, J 8.5 Hz, 
-NH); fjc (50.3 MHz, CDCl3) 27.3 and 28.2 (2 x cH3)3C-). 51.4 (-CH&H-), 51.8 (-SZIQCH-), 81.2 and 81.7 
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(2 x (CH3)&-), 156.3 and 157.0 (2 x -NH-C@-). 173.4 (-Cm; m/z (CI (NH3)) 320 (lvlNH4+-H20, 6%), 
264 (18), 251(27), 151(55), 135 (51). 133 (49), 116 (94). 95 (76). 79 (lOO), 74 (94). 

ar-(N-tcrt-Butoxycarbonyl)-P-(N-tcrt-bu~xy~rbonyl, N-bydroxy)-P-amino&alanine benzhydryl 

ester (26): A solution of diphenyldiazomethane (0.031 g, 0.16 mmol, 1.0 eq.) in acetonltrile (1 ml) was added 
dropwise to a stirred solution of a-(N-terr-butoxycarbonyl)-B(N-rert-butoxycarbonyl, N-hydroxy)-&amino- 

k&utine (25) (0.051 g, 0.16 mmol) in acetonitrile (2 ml) until the purple diphenyldiazomethane solution was no 
longer decolourised on addition. The solution was stirred for a further 1 hour then decolourised by the addition 
of one drop of acetic acid. The solvent was removed in vucw and the resulting oil purified by flash 
chromatography, eluting with 10% ethyl acetate / petroleum ether (b.p. 30-WC) to give the title compound as a 
colourless oil (0.072 g, 93%); Rf 0.2 (20% ethyl acetate / petroleum ether (b.p. 30-4OT)); [a]~~o-2.5 (c 0.85, 
CHC13). Found: C 63.90, H 7.18, N 5.68; CxH34N207 requires C 64.18, H 7.04, N 5.76%; vtnax (CHC13) 

2 983 (w), 1 719 (s), 1 506 (m), 1 370 (s), 1 250 (s), 1 163 (s); SH (200 MHz, CDC13) 1.44 and 1.46 (2 x 9H, s, 

2 x (CH3)3C-), 3.72-4.01 @I-I, M-X. J 14.0.9.5,4.0 Hz, -C&CH-) and 4.71-4.80 (lH, AR-X. -CH$ZH-), 5.42 
(lH, d, J 8.0 Hz, -NH), 6.94 (lH, s, Ph2CE), 7.32-7.39 (1OH. m, aromatic CH), 7.61 (lH, s, -OH); k (50.3 

MHz, CDC13) 27.9 and 28.2 (2 x a3)3C-). 51.47 (-cH$H-), 51.5 (-CHa-), 78.7 (PhQ-I). 81.1 and 81.7 
(2 x (CH3)3G), 127.2-128.8 (aromatic -CH). 139.4 (aromatic ipso). 156.3 and 157.0 (-NH-C@-). 169.9 
(-CH-C&-); m/z (FAR (NaOAc)) 509 (MNa+, 20%). 387 (22). 167 (100). 

a-(N-tett-Butoxycarbonyl)-/%(N-tert-butoxycarbonyl, N-propioloxy)-P-amino-L-alanine benzhydryl 

ester (27): 1,3-Dicyclohexylcarbodiimide @CC), (0.062 g, 0.30 mmol, 1.1 eq.) was added to a stirred solution 
of a-(N-terr-butoxycarbonyl)-B(N-rert-butoxycarbonyl, N-hydroxy)-~amino-L_alanine benzhydryl ester (26) 

(0.133 g. 0.27 mmol) and propiolic acid (0.030 g, 0.43 mmol, 1.6 eq.) in anhydrous dichloromethane (5 ml), and 
the solution was stirred for 18 hours, with the formation of a white suspension in a brown solution. The 
dichloromethane was evaporated in VUCI(O and the residue suspended in ethyl acetate (2 x 5 ml), filtered, and the 
filtrate concentrated in vucrw to give a brown oil. muification by flash chromatography, eluting with 30% ethyl 

acetate / petroleum ether (b.p. 30-40°C) gave the title compound as a white solid (0.132 g, 91%). 

Recrystallisation from ethyl acetate / petroleum ether (b.p. 40-6o’C) gave an analytical sample; m.p. 127- 128°C; 
Rr 0.1 (10% ethyl acetate I petroleum ether (b.p. 30-4OC)); [o]D2’ +0.21 (c 1.8, CHC13). Found: C 64.89, 
H 6.25, N 5.05; C29H34N208 requires C 64.67, H 6.36, N 5.20%; v max (CHCl3) 3 300 (br, w), 2 983 (m), 
2 128 (m), 1 750 (s), 1 690 (s), 1 498 (m), 1 371 (m), 1 163 (s); 8~ (200 MHz, CDC13) 1.44 and 1.46 (2 x 9H, 
s, 2 x (CH3)3C-), 2.98 (lH, s, -C&-H), 3.98-4.23 (2H. A&X, J 15.0,5.5,4.5 Hz, -C&CH-). and 4.59-4.69 

(lH, AR-X, -CH$ZH-), 5.38 (lH, d, J8.0 Hz, -NH), 6.90 (IH, s, Ph$&&). 7.13-7.50 (lOH, m, aromatic -CH); 
& (50.3 MHz, CDCl3) 27.8 and 28.2 (2 x cH3)3C-). 51.1 (-CHcH2-). 52.2 (-CH-CH;?), 71.6 (-C$-H), 78.6 
(Ph&H-), 79.8,80.2,83.9 (2 x (CH3)3C- and -@CH), 127.3-128.8 (aromatic -CH ), 139.7 (aromatic ipso), 
151.1 (=C-C02N-), 154.5 and 155.4 (2 x -NCO2-), 169.8 (-CH-C@C-); m/z (DC1 (NH3)) 556 (MNIQ+, 9%), 

539 (MH+, 19) 500 (45) 483 (17), 439 (67), 167 (100). 

fi-(Isoxazolin-5-one-2-yl)-L-alanine (4): a-(N-tert-butoxycarbonyl)-P-(N-tert-butoxycarbonyl, N- 
propioloxy)-f&unino&alanine benzhydryl ester (27) (0.055 g, 0.10 mmol) was dissolved in 98% formic acid 

(2 ml) and stirred at 35°C for 18 hours. The formic acid was removed in vucuo and the residue dissolved in 
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water (2 ml) and washed with diethyl ether (2 x 2 ml). The aqueous layer was freeze dried to give the title 
compound as a white solid, (0.015 g, 85%). Reverse phase HPLC (octadecasilane, eluting with 1% formic 
acid I water) gave an analytical sample; m.p. 178-180°C (decomp.) (lit.11e18 178-180°C (decomp.); vmax 
(KBr disc) 3 500-2 500 (br). 1 705 (s). 1 630-l 590 (s), 1 530 (s); 8R (200 MHz. &O) 3.93 (lH, t, J4.5 Hz, 

-CH$H-I-), 4.15 (2H, d, J4.5 Hz, -C&CH-), 5.10 (lH, d, .J 3.0 Hz, -CH=CH-CO-), 8.18 (1H. d, .I 3.0 Hz, 
-CH=CH-CO-); 6~ (50.3 MHz, D20) 52.2 (-CHzCH-), 53.2 (-CH&H), 87.6 (-CH=m-CO-), 154.4 

(-cH=CH-CO-), 170.6 and 174.4 (2 x -C=Q); nJz (electrospray) 173 (MH+, 100%). 

B-(Isoxazolin-5-one-Z-yl)-L_alanine benzhydryl ester (28): B-(Isoxazolin-J-one-2-yl)&alanine (4) 

(0.060 g, 0.35 mmol) and p-toluene sulphonic acid (0.065 g, 0.34 mmol) were dissolved in acetone / water (2: 1) 
(10 ml) and the solution was stirted for 10 minutes. Diphenyldiazomethane (0.090 g. 0.5 mmol) was then added 
and the solution stirred for a further 1 hour, during which time the purple solution was decolourised. Water 
(20 ml) was added, and the solution washed with diethyl ether (20 ml), basified with sat. NaHC@, and extracted 
with ethyl acetate (3 x 20 ml). The ethyl acetate layers were combined, dried (Na2SO4), and the ethyl acetate 
evaporated in vucuo to give the title compound as a colourless oil (0.080 g, 68%). This was used in the 
proceeding reactions without further purification. 8~ (200 Ml-k, CDCl3) 1.70-2.11 (2H, br, -NH2). 3.91-4.16 

(2H, m, -C&CH-), 3.67-3.79 (lH, m, -CH$X-), 5.10 (lH, d, J3.0 Hz, -CH=CH-CO), 6.90 (lH, s, PhzCfI), 
7.30-7.68 (lOH, m, aromatic CH), 7.71 (lH, d, J3.0 Hz, -C&CH-CO). 

a-N-~-Mandeloyl-~-(Isoxazolin-5-one-2-yl)-~-alanine benzhydryl ester (29): 2-Ethoxy- 

1-ethoxycarbonyl 1,2dihydroquinoline (BEDQ) (0.065 g, 0.25 mmol) was added to stirred solution of freshly 
prepared B-(isoxazolin-5-one-2-yl)-L-alanine benzhydryl ester (28) (0.080 g, 0.24 mmol) and &mandelic acid 

(0.04 g, 0.26 mmol) in anhydrous dichloromethane (5 ml), and the reaction mixture stirred for 18 hours. The 
dichloromethane was evaporated in vucuo and the resulting oil dissolved in ethyl acetate (5 ml), washed with dil. 

HCl(5 ml), sat. NaHC03 (5 ml) and water (5 ml), dried (Na2S04), and the ethyl acetate evaporated in vucuo. 

The residue was purified by flash chromatography, eluting with 70% ethyl acetate I petroleum ether 
(b.p. 3&4OT), taking care to combine all fractions that contained either diastereomer of the product, to give the 
title compound as an oil (0.04 g, 35%); Rt 0.3-0.4 (70% ethyl acetate / petroleum ether (b.p. 30-4o’C)); 8~ 

(partial) (500 MHz, CDC13) 4.950 (0.9H, d, J 3.5 Hz, -N-CH=CfL-CO of the diastereomer of (29) 
corresponding to the L-amino acid (4)) 4.955 (O.lH, d, J 3.5 Hz, -N-CH=CH-CO of the diastereomer of (29) 
corresponding to the D-amino acid (4)), 5.93 (0.9H, s. PhCH(OH)- of the diastereomer of (29) corresponding 
to the &mino acid (4)) 5.90(0. lH, s, PhCH(OH)- of the diastereomer of (29) corresponding to the D-amino 

acid (4)). 

N-(tert-Butoxycarbonyl)-15N-hydroxylamine (31): A solution of di-tert-butyl dicarbonate (1.475 g, 
6.8 mmol, 0.95 eq.) in dioxan (10 ml) was added dropwise over 4 hours to a stirred solution of 
15N-hydroxylamine hydrochloride (0.500 g, 7.1 mmol) in aqueous NaOH (5 ml of a 2N solution). The solution 
was stirred for a further 18 hours with the formation of a white suspension. The dioxan was evaporated in 

vucuo and the resulting aqueous solution cooled to O’C, acidified with 1N KHS04 (1M aq.). and extracted with 
ethyl acetate (4 x 10 ml). The ethyl acetate fractions were combined, dried (Na$SO& and the ethyl acetate 
evaporated in vucuo to give a 1:l mixture of N-(rerr-butoxycarbonyl)-IjN-hydroxylamine (31) and U-(tert- 



Synthesis of chiral isoxazolidin-5-ones 5063 

butoxycarbonyl)-JjiV-hydroxylamine (0.640 g, 67%). The mixture was dissolved in 1:l dioxan / 1N NaOH 
(10 ml) and hydroxylamine hydrochloride (0.01 g, 3.5% eq.) was added. The solution was stirred for 18 hours 
before the dioxan was evaporated in vucuo, and the tesulting aqueous solution cooled to 0°C. acidified with 1N 
KHS04 (1M aq.), and extracted with ethyl acetate (4 x 10 ml). The ethyl acetate fractions were combined, dried 
(Na2SO4) and the ethyl acetate evaporated in vacua to give the title compound as a white solid (0.504 g, 53%) 
(unlabelled N-(tert-Butoxycarbonyl)-hydroxylamine prepared by this method resulted in 72% yield on an 8 
mmol scale); Rt0.6 (ethyl acetate); 8H (200 MHz, CDC13) 1.48 (PH, s, (CH3)3C-). 6.9 (lH, br, -OH), 7.07 (lH, 
d, J 93.5 Hz, -15NH); 6~ (50.3 MHz, CDC13) 28.1 (cH3)3C-), 82.1 ((CH3G-), 159.2 (d, J 20.5 Hz, 
-lsN-C=O); 8N (25.3 MHz, CDC13) 238.0 (d, 394 Hz, -15NI-I); m/z (CI (NH3)) 152 (Mm+, 33%), 117 (7), 

96 (100) (equivalent to unlabelled (31) by Rf, tH and t3C nmr, and m/z .) 

1-0-(terf-Butoxy-~5N-carbamoyl)-N-(tertbutoxycarbonyl)-~-chloro-~-alanine (32): l-Ethyl-3-[3- 

(dimethylamino)propyl]-carbodiimide (0.190 g, 1.1 eq.) was added to a stirred solution of N-(tert- 
butoxycarbonyl)-r~N-hydroxylamine (3 1) (0.120 g, 0.9 mmol) and N-(tert-butoxycarbonyl)-&chloro-l-alanin 

(13) (0.210 g, 1.05 eq.) in anhydrous dichloromethane (5 ml) and the resulting solution was stirred for 
15 hours. The dichloromethane was evaporated in vucu.o and the residue dissolved in ethyl acetate (10 ml) and 
washed with water (2 x 10 ml). The ethyl acetate fraction was dried (Na2SO4) and the ethyl acetate evaporated 
in vucuo to give the title compound as a white solid (0.298 g. 98%); Rr 0. 1 (10% ethyl acetate / petroleum ether 
(b.p. 30-40°C)); 8B (200 MHz, CDC13) 1.47 and 1.51 (2 x PH. s. 2 x (CH3)3C-), 3.85-4.07 (2H, D-X, J 11.5, 

3.5, 4.0 Hz, -C&CH-). and 4.87-4.93 (lH, AB-X, -CHzC&), 5.42 (1H. d, J 8.5 Hz, -NH-C-), 7.90 (1H. d. 
J 85 Hz, -‘5NH-0-); SC (50.3 MHz, CDCl3) 27.9 and 28.1 (2 x GH3)3C-), 44.7 (-cH$ZH-), 53.3 (-CH&H-), 
81.0 and 83.9 (2 x (CH3)3C-), 155.2 ( -NH-C@-), 155.5 (-15NH-C02-), 169.2 (-CHcO2-); 8N (25.3 MHz, 

CDC13) 223.5 (d, J 85.5 Hz, -15NH-); m/z (CI (NH3)) 357 (MNH4+, 2%) 301 (4), 149 (12), 144 (20), 134 
(68). 117 (100) 80 (30). 

a-(N-tert-Butoxycarbonyl)-~-(1SN-tert-butoxycarbonyl, ~5N-hydroxy)-~-z5N-amino-~-aIanine (34): 

Sodium hydride (0.030 g of a 60% dispersion in mineral oil, 1.0 eq.) was added to a solution of l-O-(tert- 
butoxy-l5~-carbamoyl)-N-(tert-butoxycaanine (32) (0.254 g, 0.75 mmol) in anhydrous 

dimethylformamide (15 ml) at O’C, and the suspension was stirred for 1 hour. The msulting isoxazolidinJ-one 
(33) was hydrolysed in situ by the addition of aqueous Cs2CO3 (0.125 g in 10 ml H20). The solution was 
stirred for 10 minutes, then washed with diethyl ether (10 ml), acidified with RI-IS04 (1M aq.) and extracted into 
ethyl acetate (4 x 10 ml). The ethyl acetate fractions were combined, washed with water (3 x 10 ml), dried 
(Na2S04) and the ethyl acetate evaporated in vacua to give the title compound as a yellow oil (0.132 g, 55%), 
which was used directly in the next reaction without further purification; SH (200 MHz. CDC13) 1.46 and 1.50 

(2 x PH, s, 2 x (CH3)3C-), 3.72-4.05 (2H, m, -tsN-C&CH-), 4.57-4.89 (lH, m, -CH2CH-), 5.46 (lH, d, J 8.5 
Hz, -NH). 

a-(N-tert-Butoxycarbonyl)-~-(z5N-tert-butoxycarbonyl, ~5N-hydroxy)-P-z5N-amino-~-alanine 

benzhydryl ester (35): A solution of diphenyldiazomethane (0.072 g, 0.37 mmol, 0.9 eq.) in acetonittile (1 ml) 
was added dropwise to a stirred solution of a-(N-tert-butoxycarbonyl)-P-(l~N-tert-butoxycarbonyl, 
z5N-hydroxy)-@15N-amino-L-alanine (34) (0.132 g. 0.41 mmol) in acetonitrile (5 ml) until no further 
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decolourisation of the purple diphenyldiazomethane solution took place. The acetonitrile was evaporated in 
vacua and the resulting oil purified by flash chromatography eluting with 10% ethyl acetate / petroleum ether 
(b.p. 30-40°C) to give the title compound as a colourless oil (0.141 g, 78%); Rr0.2 (20% ethyl acetate I 
petroleum ether (b-p. 304OT)); SR (200 MHz, CDC13) 1.49 and 1.54 (2 x 9H, s, 2 x (CH3)3C-), 3.73-4.01 

(2H, m, -tsN-C&CH-), 4.7 l-4.79 (lH, m, -‘sN-CH2cEI-), 5.41 (lH, d, J8.0 Hz, -NH), 6.94 (lH, s, Ph$H-), 
7.28-7.41 (1OH. m, aromatic CH), 7.61 (lH, s, -OH); 8~ (50.3 MHz, CDC13) 27.9 and 28.2 (2 x cH3)3C-), 

51.3 (d, J 15 Hz, -15N-cH2CH-), 51.6 (-15N-CHZH-), 78.7 (Ph&H-), 81.1 and 81.7 (2 x (CH3)3c-), 
127.2-128.8 (aromatic -CH), 139.4 (aromatic ipso), 156.5 and 157.0 (-NH-CO2-), 169.9 (-CH-c02-); 
8N (25.3 MHz, CDCl3) 234.5 (s, -15N); m/z. (FAB (NaOAc)) 510 (MNa+, 28%), 167 (100). 

a-(N-&rt-Butoxycarbonyl)-~-(~~N-fert-butoxycarbonyl, 15N-propioloxy)-j3-1sN-amino-~-alanine 

bemhydryl ester (36): 1.3~Dlcyclohexylcarbodiimide (DCC) (0.085 g, 0.41 mmol, 1.2 eq.) was added to a 
stirred solution of a-(N-tert-butoxycarbonyl)-P-(lfiN-tert-butoxyc~bonyl, I5iV-hydroxy)-P-I5N-amino- 

L-alanine benzhydryl ester (35) (0.168 g, 0.35 mmol) and propiolic acid (0.027 g, 0.39 mmol, 1.1 eq.) in 
anhydrous dichloromethane (5 ml), and the reaction mixture was stirred for 15 hours with the formation of a 
white suspension in a brown solution. The dichloromethane was evaporated in vucuo and the resulting solid 
suspended in ethyl acetate (2 x 5 ml), filtered, and tbe ethyl acetate evaporated in vucuo to give a yellow oil. This 

was purified by flash chromatography, eluting with 30% ethyl acetate I petroleum ether (b.p. 30-40X) to give the 
title compound as a white solid (0.128 g, 68%); Rf 0.1 (10% ethyl acetate / petroleum ether (b.p. 30-40°C)); 
8B (200 MHz, CDC13) 1.45 and 1.46 (2 x 9H, s, 2 x (CH3)3C-), 2.99 (lH, s, -C&-H), 3.98-4.23 (2H, m, 

-C&CH-), 4.58-4.70 (lH, m -CH$H-), 5.38 (lH, d, J 8.0 Hz, -NH), 6.90 (lH, s, PhzCH-), 7.13-7.50 (lOH, m, 
aromatic CH); 8~ (50.3 MHz, CDC13) 27.8 and 28.2 (2 x (!ZH3)3C-), 51.1 (d, J7 Hz, -CHGH2l5N-), 52.2 
(-GH-CH2), 71.6 (-C=GH), 78.6 (Pha-), 79.8, 80.2, 83.9 (2 x (CH3)3c- and -GaCH), 127.3-128.8 
(aromatic CH), 139.6 (aromatic ipso), 151.0 (S-c0215N-), 154.5 (d, J 18.5 Hz, -lsNHCO2-), 155.4 
(-NHCa-), 169.8 (-CH-COzC-); 8N (25.3 MHz, CDC13) 214.5 (s, ‘5N); m/z (DC1 (NH3)) 557 (MNIQ+, 

6%), 540 (MH+, 17), 501 (33), 440 (60), 167 (100). 

P-(‘SN-Isoxazolin-5-one-2-yl)-L-alanine (37): a-(N-rert-Butoxycarbonyl)-P-(~5N-tert_onyl- 
r5N-propioloxy)-B-f~N-amino-L-alanlne benzhydryl ester (36) (0.051 g, 0.095 mmol) was dissolved in 98% 

formic acid (1 ml) and stirred at 35’C for 15 hours. The formic acid was evaporated in vacua, and the resulting 
oil dissolved in water (2 ml) and washed with diethyl ether (2 x 2 ml). The aqueous layer was freeze dried to 
give the title compound as a brown solid (0.015 g, 91%); 8~ (500 MHz, D20) 4.07 (1H. q. J 5.0 Hz, 

-‘SN-CH$H-), 4.28 (2H. d, J 5.0 Hz, -‘5N-C&CH-), 5.24 (lH, dd, J 3.5, 4.5 Hz,-t5N-CH=C&CO-). 8.19, 
(lH, dd, J 3.5.7.5 Hz, -15N-CH=CH-CO-); m/z (electrospray) 174 &IH+, lOO%), 167 (61) 158 (21). 

1-13C-F’ropiolic acid (40): Butyl lithium (5.0 ml of a 2.18 M solution in hexane, 10.9 mmol) was dissolved in 
anhydrous THF (10 ml) under an atmosphere of argon in a 50 ml 3-necked flask cooled to O’C. In a separate 
50 ml 2-necked flask, cooled to O’C, water (10 ml) was added dropwise, using a pressure equalised dropping 
funnel, onto calcium carbide (10 g). resulting in the evolution of acetylene gas. ‘Ibis was passed through a 
calcium chloride drying tube, then bubbled through the solution of butyl lithium. The reaction mixture was 
stirred for 10 minutes with the formation of a white suspension. Tbe mixture and washings (anhydrous ‘II-IF, 
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2 x 10 ml) were then transferred, via a syringe with a wide bore needle, to a 250 ml flask containing t* carbon 

dioxide (10.25 mmol), sealed with a rubber septum. This reaction vessel was then shaken vigorously at room 
temperature for 1 hour, causing the suspension to turn brown. The reaction was quenched with water (20 ml) 
and washed with diethyl ether (2 x 10 ml). The THF was removed from the aqueous layer in vacua and the 
solution acidified (6N HCl) aud extracted with diethyl ether (5 x 50 ml). The ether was removed by distillation 
at atmospheric pressure to give the tide compound as a brown semi-solid (0.066 g, 9%); & (200 MHz, CDC13) 
3.01 (lH, d, J 5.0 Hz, -13C=CH). 

a-(N-tert-Butoxycarbonyl)-~-(N-tcrt-butoxycrubonyl, N-(1-t3C-propioloxy)).@amino-L-alanine 

benzhydryl ester (41): 1.3.Dicyclohexylcarbodiimide (DCC) (0.060 g. 0.29 mmol) was added to a stirred 
solution of a-(N-rerr-butoxycarbonyl)-~(N-tert-butoxycarbonyl, N-hydroxy)-fl-amino&alanine benzhydryl 

ester (26) (0.104 g, 0.21 mmol) and l-13C-propiolic acid (40) (0.02 g, 0.28 mmol) in anhydrous 
dichloromethane (4 ml), and the reaction mixture was stirred for 18 hours, with the formation of a white 
suspension in a brown solution. The dichloromethane was evaporated in vucuo and the resulting solid material 
suspended in ethyl acetate (2 x 5 ml), filtered and the ethyl acetate evaporated in vucuo to give a yellow oil. This 
was purified by flash chromatography, eluting with 30% ethyl acetate / petroleum ether (hp. 30-4o”C) to give the 
title compound as a white solid (0.036 g, 32%); Rr 0.1 (10% ethyl acetate / petroleum ether (b.p. 30-40°C)); 
8H (200 MHz, CDCl3) 1.44 and 1.46 (2 x 9H, s, 2 x (CH3)3C-), 2.97 (lH, d, J 5.0 Hz, -13C-C=C-H), 3.98-4.24 

(2H, U-X, J 15.0,5.5,4.5 Hz, -C&CH-), and 4.59-4.68 (lH, AB-x, -CH$fl-), 5.35 (lH, d, J 8.5 Hz, -NH), 
6.90 (IH, s, Ph2Ckk), 7.16-7.50 (lOH, m, aromatic CH); k (50.3 MHz, CDC13) 27.8 and 28.2 (2 x (CH3)3C-), 
51.1 (-CHcH2-), 52.3 (-CH-CH2), 71.6 (-C&-H), 78.6 (Ph&H-), 79.8, 80.3. 83.9 (2 x (CH3)3G and 
-&CH), 127.3-128.8 (aromatic -CH ), 139.7 (aromatic ipso), 151.0 (&-13cO2N-). 154.5 and 155.4 

(2 x -NCO2-), 169.8 (-CH-cO$-); m/z (DC1 (NH3)) 540 (MH+, 3%). 501 (12), 440 (21), 167 (100). 

~-(5-13C-Isoxazolin-5-one-2-yl)-L_alanine (42): a-(N-terr-Butoxycarbonyl)-P-(N-tert-butoxyc~bonyl- 
N-l-*3C-propioloxy)-@amino-L_alanine benzhydryl ester (41) (0.043 g, 0.08 mmol) was dissolved in 98% 

formic acid (1 ml) and the solution stirred at 35°C for 15 hours. The formic acid was evaporated in vucuu, and 
the resulting oil dissolved in water (2 ml) and washed with diethyl ether (2 x 2 ml). The aqueous layer was 
freeze dried to give the title compound as a brown solid (0.013 g, 94%); 8~ (200 MHz, D20) 3.96 (lH, t, 

J5.0Hz, -CH$&), 4.17 (2H, d,J5.0 Hz, -C&CH-), 5.12 (lH, dd,J3.5,7.5 Hz, -CH=C&‘3CO-), 8.08 (lH, 
dd, J 3.5, 9.5 Hz, -CfF=CH-13CO-); 6~ (50.3 MHz, D20) 52.2 (-CHzCH-), 53.2 (-CH&H), 87.6 

(-CH=cH-CO-), 154.4 (-cH=CH-CO-), 170.6 (-C=O), 174.7 (-‘3C=O); m/z (electrospray) 174 (MH+, lOO%), 
167 (91). 158 (27), 147 (38). 
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